and SUNY Stony Brook, Stony Brook, New York, USA Effect of hemorrhagic reduction in blood pressure on recovery from acute renal failure. The effect of hemorrhagic reduction in systemic blood pressure (SBP) to 90 mm Hg for four hours on autoregulation of renal blood flow (RBF), renal function, and renal histology was examined in control rats, one week norepinephrine-induced acute renal failure (NE-ARF) rats with intact renal nerves, and one week NE-ARF rats with prior renal denervation. The results showed that in control rats, hemorrhagic SBP reduction to 90 mm Hg had no effect on autoregulation of RBF (autoregulatory index = 0.09 0.02), creatinine clearance, or renal histology. However, in one week NE-ARF rats with intact renal nerves, hemorrhagic reduction in SBP to 90 mm Hg was associated with marked impairment of autoregulation of RBF (autoregulatory index = 3.49 0.25), further reduction in creatinine clearance from 0.59 0.08 mI/mm to 0.36 0.14 mI/mm, and histologic evidence of recurrent ischemic injury. Renal denervation prior to SBP reduction improved autoregulation of RBF (autoregulatory index = 0.30 0.09), prevented the further reduction in creatinine clearance, and significantly ameliorated the deleterious effect on renal histology seen in innervated NE-ARF rats. These results suggest the potential importance of the loss of autoregulation of RBF on the course of NE-ARF, and further support the pathogenetic role of renal nerves in the loss of autoregulation.
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We have recently defined the natural history of norepinephrifle (NE) induced ischemic acute renal failure (ARF) in the rat [I] . In this experimental model, basal renal blood flow (RBF) during the maintenance phase of ARF was not significantly reduced from normal values. However, autoregulation of RBF in response to a decrement in renal perfusion pressure (RPP) induced by aortic clamping was severely impaired [I] . A similar abnormality in the autoregulation of RBF has been observed in other experimental models of ischemic ARF [2, 31 . In our studies [1] , the loss of autoregulation of RBF was associated with a decreased renal vascular response to renal artery infusion of NE, angiotensin II (A II) and acetylcholine (Ach).
Paradoxically, renal vascular resistance (RVR) increased during graded reductions of RPP, and the renal vascular response to direct renal nerve stimulation was increased; moreover, this response was not attenuated by the non-selective alphaadrenergic blocker, phenoxybenzamine. Finally, a pathogenetic role of renal nerves in the loss of autoregulation was indicated Received for publication December 20, 1984 and in revised forms February 19 and July 7, 1986 © 1987 by the International Society of Nephrology by improvement of autoregulation of RBF after acute renal denervation. However, in that study the functional significance of the loss of RBF autoregulation on recovery from NE-induced ARF was not defined.
In the present study, the effect of hemorrhagic blood pressure reduction to the lower limit of the autoregulatory range was examined in the recovery phase of NE-ARF. As an initial step, the autoregulatory capacity with reduction in systemic blood pressure (SBP) by hemorrhage was determined. If loss of autoregulation was demonstrable by hemorrhagic blood pressure reduction and was of pathophysiological significance, then a temporary decrease in RPP to the lower limit of autoregulation during the maintenance phase of NE-ARF would be anticipated to induce recurrent ischemia and perhaps prolong the duration of ARF. Moreover, if renal nerves were etiologically important in the loss of autoregulation of RBF, then renal denervation just prior to the decrease in RPP should be protective against recurrent renal ischemia. Therefore, we assessed the effect of hemorrhagic reduction in SBP to the lower limit of autoregulation on autoregulatory capacity (Experiment A), renal function (Experiment B), and renal histology (Experiment C) in three groups of animals: control, one week NE-ARF, and one week NE-ARF with renal denervation prior to reduction in SBP. The results showed that hemorrhagic reduction in SBP to the lower limit of autoregulation, which had no effect on control rats, caused a marked reduction in RBF and induced recurrent azotemia and histologic evidence of fresh ischemic injury in one week NE-ARF rats. Moreover, the deleterious effect of decreased SBP on RBF and the course of NE-ARF was prevented by prior renal denervation.
Methods

Acute renal failure model
The technique of disease induction and the natural history of NE-ARF have been described previously [4] . Briefly, adult Sprague-Dawley rats underwent right nephrectomy 10 days prior to disease induction. After pentobarbital anesthesia, the left renal pedicle was exposed through a small flank incision. A micropipette (OD 35 tm) mounted on a micromanipulator and attached to a motor driven syringe containing NE was introduced into the renal artery. Norepinephrine was delivered at 0.6 iglkg min for 90 minutes. The micropipette was removed, the surgical wound was closed, and the rats were returned to metabolic cages. On the seventh day after NE infusion, the animals were anesthetized with pentobarbital, 60 mg/kg i.p., after solid food had been withheld overnight. An endotracheal tube was positioned and catheters were placed in the right jugular vein, femoral artery, and femoral vein. The left kidney was exposed through a flank incision, the renal artery dissected bluntly from the renal vein, and a catheter placed in the proximal ureter.
Blood pressure was measured through the right femoral artery catheter connected to an electronic transducer (model PD23, Statham Instruments, Oxnard, California, USA) and a direct recorder (model 7702B, Hewlett-Packard, Elkhart, Indiana, USA). Ringer's lactate containing inulin sufficient to give plasma concentrations of 50 to 100 mg/dl was infused at 2 mI/hr through the jugular venous catheter. After one hour of equilibration, blood and urine samples were collected for CIN measurement and RBF was recorded at the baseline mean SBP. The RBF was measured with a miniature flow probe (Carolina Medical Electronics, King, North Carolina, USA) placed about the renal artery and attached to a digital recorder. The flow probe calibration was by the method of Arendshorst, Finn and Gottschalk [5] . RBF was recorded five minutes after RPP was stabilized at each respective pressure. Measurements were made in duplicate. Reduction in SBP was achieved by removal of blood from the right femoral vein with a heparin-rinsed syringe. When a stable SBP of approximately 105 mm Hg was achieved, RBF and CIN were again measured. The measurements were repeated when sufficient additional blood had been removed to stabilize the SBP at approximately 90 mm Hg, the lower limit of RBF autoregulation in Sprague-Dawley rats [5] . Total volume of blood removed ranged from 0.8 to 1.5 ml, and was not different among the groups.
Experiment B: Effect of he,norrhagic SBP reduction on functional recovery from ARF Studies were carried out on uninephrectomized SpragueDawley rats weighing 250 to 300 g. The animals were divided into three groups of five rats: Group I, sham-infused control rats undergoing hemorrhagic blood pressure reduction on day seven; Group II, NE-ARF rats undergoing hemorrhagic blood pressure reduction on day seven; and Group HI NE-ARF rats undergoing renal denervation on day six prior to hemorrhagic blood pressure reduction on day seven. BUN, Scr and Ccr were measured on days 0, 3, 7, 9, and 14.
SBP reduction to a mean of 90 mm Hg was performed on day seven as follows: animals were removed from metabolic cages and anesthetized with light ether anesthesia. A sufficient quantity of blood (volume 0.8 to 1.5 ml) was removed via femoral vein catheter to reduce SBP from the pre-phlebotomy value (mean = 120 4 mm Hg) to 90 3 mm Hg. SBP was measured with a 25-gauge needle inserted into the tail artery and connected to a Statham PD23 transducer. Blood was stored in a heparinized syringe at 20°C and reinfused after four hours.
Animals were then returned to metabolic cages for completion of BUN, Scr and Ccr measurements.
Experiment C: Histologic changes following hemorrhagic SBP reduction in rats recovering from ARF Paired t-testing was used to compare differences in BUN, Scr and Ccr within a group, and analysis if variance was employed to compare differences among groups. Linear regression analysis was used to assess the relationship between RBF and SBP. Differences between results in the autoregulation studies were compared by analysis of variance of the mean slopes of regression lines. For the histologic studies, differences between groups were compared utilizing Wilcoxon's two sample test for non-parametric data.
The autoregulatory index (AR!) was determined according to the equation described by Semple and de Wardener [7] :
Pt where F1 and P, are basal RBF and basal RPP, respectively, and F2 and P2 are the RBF and RPP at 105 mm Hg, a value that is above the lower range of autoregulation in the rat.
Results
Experiment A: Autoregulation with hemorrhagic reduction in SBP Figure 1 demonstrates the effect on RBF and C, as SBP was lowered sequentially from the baseline value on day seven of NE-ARF. In the Group I sham-infused controls, there was no change in either RBF or C1, as mean arterial pressure was reduced from a baseline of 121 3 mm Hg to 106 2 mm Hg. However, when mean arterial pressure was further reduced to 89 2 mm Hg, there was a significant decrease in RBF and C1 (both P < 0.01). In Group II NE-ARF rats with intact renal nerves, both RBF and C decreased significantly when mean arterial pressure was reduced from a baseline value of 121 3 mm Hg to 107 3 mm Hg (both P < 0.01). A further decrement in RBF and C1 occurred as mean arterial pressure was sequentially reduced to 90 2 mm Hg. In Group III NE-ARF rats that had undergone renal denervation prior to testing of autoregulation, there was no significant change in RBF or C1 as mean arterial pressure was reduced from the baseline value of 118 3 mm Hg to 104 1 mm Hg. As mean arterial pressure was further reduced to 92 2 mm Hg, there was a significant reduction in both RBF and C, (P < 0.01).
The correlation coefficients for the relationship between SBP and RBF for Groups I, II and III, respectively, were r = 0.61, P <0.05, r = 0.81, P <0.001, and r = 0.59, P <0.05. The slope of SBP versus RBF for Group II was significantly greater than that in Groups I and III (P < 0.01). For SBP versus C1 the respective correlation coefficients for Groups I, II and III rats were r = 0.38, P = NS, r = 0.57, P < 0.05, and r = 0.32, P = NS. As with RBF the slope of SBP versus CIN was significantly greater in Group II rats than in Groups I and III (P < 0.01).
The RBF autoregulatory indices were 0.09 0.02 in Group I, 3.49 0.25 in Group II, and 0.30 0.09 in Group III. The index for Group II rats was significantly higher than that for Group I or HI rats (P < 0.01), indicating impaired autoregulation of RBF in Group II. Grading system modified from that of Solez et al [6] . Scoring: 0 = none, 1/2 = minimal, 1 = of3 sections per animal were examined in a double-blind manner.
mild, I 1/2 = moderate, 2 = marked. An average reduction in blood pressure on day seven, BUN and Scr rose and Ccr fell significantly on day nine in Group II NE-ARF rats with innervated kidneys. This was in marked contrast to the continued improvement on day nine in each of these parameters in Group III NE-ARF rats with denervated kidneys. By day 14 BUN and S. remained elevated and Cer remained reduced in Group 11 compared to Groups I and III. Thus, hemorrhagic reduction in SBP to the lower limit of autoregulation which had no effect on sham-infused controls caused a second reduction and delayed recovery of renal function in NE-ARF rats with intact renal nerves. By contrast, the same perturbation did not denotes different from Group I at P K 0.Ol b denotes different from Group II at P < 0.01 cause further reduction in renal function in NE-ARF rats which had undergone renal denervation prior to hemorrhagic reduction in SBP.
Experiment C: Histologic changes following hemorrhagic SBP reduction in rats recovering from NE-ARF Table 2 demonstrates the BUN, Scr and Ccr in Groups I, II, and III rats at the time of sacrifice for morphology studies on day nine after hemorrhagic reduction in SBP on day seven.
Within each group, renal function as assessed by each of these There is some cellular edema but in the great majority of areas examined no consistent difference between this group and Group I was found. In the section from Group 11(C), severe changes are seen. The tubules contain necrotic cells and debris. There is obvious tubular dilatation. The interstitium is edematous and a chronic inflammatory infiltrate is present. (x250, (A) counterstained with PAS).
parameters was not significantly different (all P > 0.10) from the corresponding value of the same group in Experiment B (Fig.   2 ). Thus the magnitude of decrement in GFR was similar in both the renal function studies of Experiment B and the renal histology studies of Experiment C. The results of histologic studies on day nine, two days after hemorrhagic reduction in SBP to approximately 90 mm Hg for four hours, are seen in Table I and Figure 3 . Hemorrhagic reduction in SBP had no significant effect on the kidneys of Group I sham-infused rats (Fig. 3A) . However, in Group II NE-ARF rats with intact renal nerves, hemorrhagic reduction in SBP to 90 mm Hg induced fresh tubular damage (Fig. 3C ). There were extensive segmental areas of tubular necrosis with prominent interstitial inflammation and edema. Granular casts, nuclear debris, epithelial cells and neutrophils were present within lumens. By contrast, in Group III NE-ARF kidneys with renal denervation prior to hemorrhagic reduction in SBP, the pathology was limited to minimal or absent tubular necrosis and scant interstitial inflammation and edema in occasional animals (Fig. 3B) . The difference between Group II and Group III was significant at the P < 0.01 level. Glomeruli and vessels in all groups were intact and showed no significant abnormalities. Thus, hemorrhagic reduction in SBP to 90 mm Hg for four hours had no morphologic effect at the light microscopic level on the kidneys of control rats, but induced severe, recurrent-ischemic renal injury in innervated NE-ARF rats. These alterations were prevented or greatly ameliorated by prior renal denervation in NE-ARF rats.
Discussion
The time course of recovery from ARF due to acute tubular necrosis (ATN) is highly variable; while the average duration is seven to 14 days, ARF in this setting may persist for weeks to months [8] . A recent pathologic study by Solez, Morel-Maroger and Sraer [6] in which renal biopsy was performed during the maintenance phase of prolonged episodes of ATN demonstrated histologic evidence of fresh ischemic lesions, suggesting recurrent episodes of renal hypoperfusion. This observation was somewhat surprising in view of the fact that basal RBF is near normal during the maintenance phase of human ARF [9, 101. These discrepant findings of normal basal RBF and pathologic evidence of renal ischemia led us to investigate renal vascular dynamics in an experimental model of NE-ARF in the rat [I] . This model is somewhat analogous to the human disease, since there is significant azotemia (peak BUN 120 15 mg/dl at 24 to 36 hr) a mortality of approximately 50%, oliguria followed by polyuria, and a reversible course over 14 to 21 days. In a previous study, we demonstrated multiple abnormalities of renal hemodynamics during the maintenance phase of NE-ARF. Autoregulation of RBF in response to a decrease in RPP induced by aortic clamping was severely impaired; similar findings have been noted in other models of ischemic ARF [2, 3] . We also demonstrated a loss of renal vascular reactivity to renal artery infusion of NE, All, and ACh. Paradoxically, there was an increased renal vascular response to direct renal nerve stimulation which was not inhibited by phenoxybenzamine blockade. Finally, the pathophysiologic significance of increased sensitivity to renal nerves was strongly suggested by marked improvement of autoregulation of RBF after acute renal denervation.
In the present study, the observations noted above on the loss of autoregulation of RBF in NE-ARF have been extended. Hemorrhagic reduction in SBP to 90 mm Hg for four hours had minimal effect on RBF in sham-infused control rats. By contrast, autoregulation of RBF in response to hemorrhagic reduction in SBP was markedly impaired in NE-ARF rats with intact renal nerves. However, renal denervation prior to hemorrhagic SBP reduction significantly improved autoregulation of RBF in NE-ARF. These findings are quite similar to the previous study [I] in which autoregulation of RBF in response to comparable decreases in RPP induced by aortic clamping was markedly impaired in NE-ARF rats with intact renal nerves; moreover, in that study autoregulation of RBF was similarly improved by renal denervation.
The effect of hemorrhagic reduction in SBP to 90 mm Hg for four hours on renal function and renal histology correlated well with its effect on RBF. In sham-infused control rats, hemorrhagic reduction in SBP had no effect on renal function or renal histology. By contrast, in NE-ARF rats with intact renal nerves, hemorrhagic reduction in SBP induced significant renal injury evidenced functionally by recurrent azotemia and decreased GFR, and histologically by multiple manifestations of ischemic tubular damage. Moreover, renal denervation, which markedly attenuated the decrease in RBF in response to hemorrhagic reduction in SBP, also prevented or significantly ameliorated recurrent-azotemia, reduced GFR, and histologic injury after hypotension in NE-ARF.
Clearly, hemorrhagic reduction in SBP induces multiple systemic effects, such as activation of the sympathetic nervous system and the renin-angiotensin system, which might play a role in renal ischemia and reduced GFR. However, the findings of the present study strongly suggest that in the setting of transient hemorrhagic reduction in SBP, the loss of autoregulation of RBF may contribute to recurrent ischemic injury and a protracted course of ARF. Moreover, the pathogenetic role of renal nerves in the loss of autoregulation is strengthened by the finding that renal denervation improves autoregulation of RBF during hemorrhagic reduction in SBP, and also protects against recurrent ischemic injury during the maintenance phase of NE-ARF.
It is impossible to directly extend a laboratory model of experimental ischemic ARF to the clinical disease. Nonetheless, it is tempting to speculate that impaired autoregulation of RBF could contribute to the highly variable natural history of human ARF. Multiple insults such as dialysis-induced SBP reduction, gastrointestinal bleeding, septicemia, or even vigorous fluid restriction could result in episodes of decreased renal perfusion pressure during the maintenance phase of ARF. If autoregulation of RBF were impaired, reduced renal perfusion pressure potentially could induce recurrent ischemic injury. In the absence of available hemodynamic data regarding autoregulation of RBF during the maintenance phase of ARF in man, this remains highly speculative. However, this hypothesis would reconcile the apparently discrepant findings of normal basal RBF and histologic evidence of recurrent-ischemic renal injury in protracted episodes of human ARF [6] .
